Abstract. Complex organic molecules (COMs) have been observed in comets, hot cores and cold dense regions of the interstellar medium. It is generally accepted that these COMs form on icy dust grain through the recombination reaction of radicals triggered by either energetic UVphoton or non-energetic H-atom addition processing. In this work, we present for the first time 
Introduction
COMs have been identified in low and high-mass proto-stellar envelopes and in dark cloud cores (Herbst & van Dishoeck 2009) . Among the observed COMs, glycolaldehyde (GA), the sugar-related molecule, and its related species, i.e. methyl formate (MF) and ethylene glycol (EG), have been detected toward solar mass proto-stars (Jorgensen et al. 2012 , Jørgensen et al. 2016 ) and in comets (Crovisier et al. 2004 , Biver et al. 2014 , Goesmann et al. (2005 , LeRoy et al. 2015) . It is widely accepted that the O-bearing COMs form on icy dust grains though the recombination of reactive intermediates, e.g. HCO, CH 2 OH and CH 3 O that are generated by energetic processing such as UV photolysis (Oberg 2016) , electron impact (Maity et al. 2015) and ion bombardment (Moore & Hudson 2005) , as well as non-energetic processing, e.g. hydrogenation (Fedoseev et al. 2015 , Chuang et al. 2016 . The formations of GA, EG and MF are the most common COM products in above processing, indicating that the completely different triggers result in the qualitatively similar results. However, the quantitative comparison of COM abundances is not necessarily the same in different scenarios. Hence, it can be used as a tool to relate the role of specific chemical processes to specific astronomical environments.
We present for the first time laboratory studies that aim to quantitatively study COM formation, i.e. GA, EG and MF, through hydrogenations and UV photolysis, as well as their cumulative effect in CO:CH 3 OH ice mixtures. The results of MF/EG, MF/GA and GA/EG solid-sate abundance ratios for different experiments can also be compared with those found for the gas-phase abundance ratio in different astronomical environments.
EXPERIMENTAL
All experiments are performed under ultra-high vacuum conditions, using SURFRE-SIDE2. The details of the set-up and procedure have been described in literature (Ioppolo Solid-state production of complex organic molecules et al. 2013 , Chuang et al. 2017 ). The icy sample of CO and CH 3 OH are introduced simultaneously through two molecular dosing lines, and face a Hydrogen Atom Beam Source and a UV-photon source generated by a Microwave Discharge Hydrogen flowing Lamp (MDHL). Ices are monitored in situ by Fourier Transform Reflection-Absorption InfraRed Spectroscopy (FT-RAIRS) in the range from 700 to 4000 cm −1 , with a 1 cm −1 resolution.
After the co-deposition, the icy sample is studied by a temperature-programmed desorption experiment using a Quadrupole Mass Spectrometer (TPD QMS). Analyzing the unique desorption temperature and ionization fragment pattern for each species allows for identification of the newly formed COM products, i.e. GA, EG and MF. In addition to the qualitative identification of the newly formed COMs, the integration of the QMS TPD desorption intensity can also give further quantitative information.
RESULTS AND DISCUSSION

I n t e n s i t y ( c o u n t s ) T e m p e r a t u r e ( K )
M
C o m p o s i t i o n f r a c t i o n C o m p o s i t i o n f r a c t i o n + H + h n + h n + H + H ( s l o w ) + H + h n
The absolute formation abundances of three COMs are presented on the upper panel of Figure 2 revealing that (1) the hydrogenation experiment (+H) produces the lowest yield of COMs when using the relative high H-atom flux, which is intentionally chosen to reach H-atom/UV-photon=1. However, performing an experiment with the same total Solid-state production of complex organic molecules 5 H-atom fluence as other experiments in a longer timescale (+H(slow)), the COMs yields are comparable with those of the pure UV-photolysis experiment (+hν) except for MF; (2) the three COMs have the most abundant yields in UV-photolysis experiment; (3) the combination of H-atoms and UV-photons experiment (+H+hν) only reach half the amount of those of the pure UV-photolysis experiment.
In the bottom panel of Figure K.-J. Chuang
In the Figure 3 , the extended formation scheme for MF, GA, EG and other complex species from the CO hydrogenation is presented (Chuang et al. 2016) . The three COM formations at low temperature can be explained by the barrier-less recombination of radicals, i.e. HCO, CH 2 OH, CH 3 O, that are either generated by H-atom addition/abstraction reactions on the CO-H 2 CO-CH 3 OH network or by UV photo-dissociation of CH 3 OH (H 2 CO) (Oberg 2016) . For the hydrogenation scenario, ices go through successive Haddition forming fully hydrogen saturated molecule and H-abstraction reactions resulting in partially hydrogen saturated radicals or simple molecule. In these forward/backward reactions, the C-O bond is always preserved. In contrast, the UV-photons applied here ( 10.2 eV) cannot directly dissociate the CO ice, but the photon energy is above the dissociation energy of C-O single bond of CH 3 OH (3.91 eV) resulting in CH 3 and OH radicals. This gives the UV-photolysis scenario an extra mechanism to form new products, i.e. CH 4 and H 3 CC-bearing COMs (Oberg et al. 2009 ). In the combination experiment of H-atoms and UV-photons, the H-atom not only has an effect on enhancing CH 4 formation, but also reduces the three COMs formation by converting the C-bearing radicals into simple H 2 CO and CH 3 OH. Figure 4 compares the laboratory results with the data derived from observations in different astronomical environments. The GA/EG relative ratio in observations is found to be in good agreement with the experimental values of hydrogenation and UV-photolysis processing (0.3-1.5), supporting a solid-state formation pathway for GA and EG. The other ratios, MF/EG and MF/GA, are about 1−3 orders of magnitude greater than those found in hydrogenation and UV-photolysis experiments. This is likely due to the lack of H 2 CO in the initial ice (Chuang et al. 2016) , or suggests that MF is produced via Solid-state production of complex organic molecules other reactions in the gas phase (Taquet et al. 2015) . For more details on this work see (Chuang et al. 2017 ).
ASTROCHEMICAL IMPLICATIONS AND CONCLUSIONS
The take home message of these findings is that:
• In pure hydrogenation experiments, COMs can be formed without UV photons at a low T . Their yields and fractions depend on H-atom/CO:CH 3 OH ratios and accretion rates of the involved species.
• The fractions for MF:GA:EG are 0: (0.2-0.4) : (0.8-0.6) for pure hydrogenation, and 0.2 : 0.3 : 0.5 for UV photolysis experiments.
• The GA/EG ratio observed in comets and in solar-mass proto-stars is consistent with the laboratory values (0.3-1.5), suggesting a solid-state formation pathway.
